of primary transcripts so that it differs from what was originally transcribed from the DNA. Typical RNA editing in plants involves C-to-U conversions, although U-to-C conversions are also common in certain plants (Schallenberg-Rüdinger and Knoop, 2016) . Taken together, these approaches provide substantial evidence for translated ORFs.
Although land-plant plastomes are well annotated, we recently encountered an unknown ORF across ferns that we designate here as ycf94 according to the plastome gene-naming convention (Hallick and Bairoch, 1994) . We find evidence to support that this ORF encodes a transmembrane protein and that it is conserved among ferns, lycophytes, and bryophytes (but is not present in seed plants), possibly a conservation of an ancient ORF in non-seed plants.
MATERIALS AND METHODS

Plastome assembly
To obtain the complete plastome of Adiantum shastense (voucher: Huiet 201 UC2030515), DNA was extracted from fresh leaf tissue using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and sequenced on one lane of Illumina HiSeq 4000 (500 base pair [bp] library insert and 150 bp paired-end reads). Raw reads were processed by Scythe (Buffalo, 2011) to remove adaptor sequences and by Sickle (Joshi and Fass, 2011) to trim low-quality bases. We then used NOVOPlasty (Dierckxsens et al., 2016) to assemble the plastome, which was validated by read-mapping in Geneious version 7.1.8 (Kearse et al., 2012) . Genome annotation was done in Geneious using the A. capillus-veneris plastome (Wolf, 2003) as the reference, followed by manual adjustments. The raw reads were deposited in NCBI SRA (SRP123721), and the plastome GenBank accession number is MG432483.
Sequence analyses
To compare the ratio of nonsynonymous (K a ) to synonymous (K s ) nucleotide substitution rates of ycf94 with other plastome proteincoding genes, we used the dataset from Li et al. (2016) , which includes 48 gene alignments from 21 fern plastomes. We excluded Dipteris conjugata from the dataset because its plastome sequence is incomplete and the fragment containing ycf94 is missing. K a / K s for each locus was calculated by codeml in the PAML package (Yang, 2007) with F3X4 codon frequencies, no clock, and a single K a /K s value (omega parameter) across the tree. To compare ycf94 sequence divergence to those of other plastid coding genes, we analyzed ycf94, matK, and rbcL from the fern genus Deparia, which is the only genus to date with a comprehensive species-level ycf94 sampling . The sequence alignments were obtained from the rps16-matK intergenic spacer (IGS) + matK + rbcL + trnL-L-F alignment used in Kuo et al. (2016;  available at the Dryad Digital Repository: https://doi.org/10.5061/dryad.450dp); ycf94 spans position 998 to 1215 in that alignment. In total, 48 Deparia taxa were included. For each of the three codon positions, uncorrected pairwise sequence divergence was calculated using MEGA 7 (Tamura et al., 2013) , with "p-distance, " "d: Transitions + Transversions, " "Uniform rates, " and "Pairwise deletion" selected. We identified putative ycf94 homologs in other plant lineages using Blastn (Altschul et al., 1990) . The TMHMM server (Krogh et al., 2001 ) was used to predict a transmembrane motif if present.
Identification of RNA-editing sites
RNA was extracted from young leaves of the same A. shastense individual using the Sigma Spectrum Plant RNA kit (Sigma-Aldrich, Darmstadt, Germany), which has been shown to perform well for ferns (Rothfels et al., 2013) . To capture the organelle transcripts, we used an Illumina Ribozero leaf kit to prepare the library, which was sequenced on Illumina HiSeq 2000 (150 bp paired-end reads). Raw reads were processed as described above, and the cleaned reads were mapped to the A. shastense plastome using Tophat 2 (Kim et al., 2013) . We then used ChloroSeq (Castandet et al., 2016) and custom scripts to identify RNA-editing sites and to calculate RNAediting efficiencies (defined as the percentage of total mapped RNA reads that are edited).
RESULTS
The complete A. shastense plastome contains a circular sequence of 150,414 bp, which comprises an 82,113 bp large single-repeat region, a 21,539 bp small single-repeat region, and two 23,381 bp inverted repeat regions. The gene content and gene order in the A. shastense plastome are the same as that of A. capillus-veneris (Wolf et al. 2003) .
In A. shastense, ycf94 is a 219 bp ORF located in the plastome between rps16 and matK; this position appears to be conserved across Polypodiales, Cyatheales, Salviniales, and Schizaeales (Fig. 1) , where matK has lost its flanking trnK exons (Kuo et al., 2011) . This ORF was likewise found in all fern plastomes analyzed, where it varies in size from 150 bp to 270 bp. Homologs of ycf94 were not found in seed plants. In lycophytes, homologs were found in all Lycopodiales (sensu PPG I, 2016) for which complete plastome sequences were available, but no homologs were found in Isoetales or Selaginellales (Appendix S1; see Supplemental Data with this article). Among nonvascular plants, homologs of ycf94 were found in each of the three main lineages (six of eight available moss plastomes; three of six liverwort plastomes; both hornwort plastomes; Appendix S1); ycf94 appears to be homologous with ORF51 in hornworts and ORF50 in liverworts, which were both reported but not characterized hypothetical proteins (Shimada and Sugiura, 1991; Kugita et al., 2003) .
TMHMM (Krogh et al., 2001) analyses indicate that fern ycf94 homologs have a distinct transmembrane domain (Appendix S2). Transmembrane domains were likewise identified as highly probable in the bryophyte homologs, with a similar single transmembrane domain predicted; for lycophytes, there is more variability in this region, and two transmembrane domains were predicted in Huperzia (Appendix S2). We then investigated whether ycf94 is a target of RNA editing in the A. shastense plastome and found that most of the RNA-editing sites are in the gene regions (Appendix S3) and that there are four RNA-editing sites in ycf94 (Table 1) . Similarly, in the hornwort Anthoceros angustus Stephani, three RNA-editing sites were found in the homologous coding region (Kugita et al., 2003) .
Plastome-wide K a /K s values across 20 fern species indicate that ycf94 is under purifying selection similar to other protein-coding genes. Among Deparia species, the first and second positions of ycf94 were more conserved than the third position (Fig. 2) , similar to the patterns observed in rbcL and matK. The results from all analyses are consistent with our hypothesis that ycf94 is a proteincoding gene in fern, bryophyte, and lycophyte plastomes.
DISCUSSION
Despite the sequence variability both upstream and downstream of ycf94 across the taxa examined (Fig. 1) , we found the ycf94 sequences to be conserved throughout the available fern plastid sequences (Appendix S4) as well as in many species of mosses, hornworts, liverworts, and homosporous lycophytes examined-strongly suggesting the origin of ycf94 in a common ancestor of extant land plants. Sequence conservation across many taxa, as well as the finding that ycf94 has a consistently predicted transmembrane domain, provides evidence that this ORF encodes a potentially functional protein. Another line of evidence is the presence of RNA-editing sites in the genic regions. These results (Appendix S3) are consistent with the expectation that RNA editing is characteristic of proteincoding genes (Gray and Covello, 1993) , and, importantly, we found four C-to-U RNA-editing sites in ycf94 (Table 1) -three of which result in nonsynonymous substitutions (Appendix S5). When we compared the K a /K s ratios of ycf94 across fern plastomes, we found them to be comparable to those of other plastome protein-coding genes (Fig. 2) . Likewise, when we examined variation across codon FIGURE 1. Map of the general location of ycf94 (and its homologs ORF50 and ORF51 in hornworts and liverworts) in the plastome of flagellate plants-ycf94 appears to be absent from the plastomes of seed plants and heterosporous lycophytes. Arrowheads indicate the direction of transcription; trnK is shown above matK to illustrate the matK ORF in the group II intron of trnK (Duffy et al., 2009; Kuo et al., 2011) ; rRNA genes are shown in red, and ycfs are shown in green. The cladogram on the left is based on PPG I (2016) for the relationship of ferns and on Wickett et al. (2014) for the uncertainty in the relationship among bryophytes. Note that some genes are omitted for clarity. positions for ycf94 and two other plastid genes in Deparia, we found that patterns were comparable across all three loci, which suggests that ycf94 substitutions are constrained in a manner consistent with it encoding a functional protein.
It is probable that ycf94 was present in the ancestor of land plants and subsequently lost in seed plants, heterosporous lycophytes, and some moss lineages. The evolutionary history of the plastome is known to be dynamic, with genes moving both within the plastome and also to the Cullis et al., 2009) ; therefore, more work will need to be done to pinpoint the origin and function of ycf94. Nonetheless, we have shown here that there are still undiscovered aspects to this highly conserved and well-characterized organellar genome.
